A cDNA library was constructed with mRNA isolated from heat-stressed cell cultures of Funaria hygrometrica (Bryophyta, Musci, Funariaceae). cDNA clones encoding six cytosolic small heat shock proteins (sHSPs) were identified using differential screening. Phylogenetic analysis of these sHSP sequences with other known sHSPs identified them as members of the previously described higher plant cytosolic class I and II families. Four of the F. hygrometrica sHSPs are members of the cytosolic class I family, and the other two are members of the cytosolic class II family. The presence of members of the cytosolic I and II sHSP families in a bryophyte indicates that these gene families are ancient, and evolved at least 450 MYA. This result also indicates that the plant sHSP gene families duplicated much earlier than did the well-studied phytochrome gene family. Members of the cytosolic I and II sHSP families are developmentally regulated in seeds and flowers in higher plants. Our findings show that the two cytosolic sHSP families evolved before the appearance of these specialized structures. Previous analysis of angiosperm sHSPs had identified class-or family-specific amino acid consensus regions and determined that rate heterogeneity exists among the different sHSP families. The analysis of the F. hygrometrica sHSP sequences reveals patterns and rates of evolution distinct from those seen among angiosperm sHSPs. Some, but not all, of the amino acid consensus regions identified in seed plants are conserved in the F. hygrometrica sHSPs. Taken together, the results of this study illuminate the evolution of the sHSP gene families and illustrate the importance of including representatives of basal land plant lineages in plant molecular evolutionary studies.
Introduction
It is well known that eukaryotic, and in particular angiosperm, genomes are composed of numerous multigene families, but our understanding of the evolutionary origin of these families and the timing and mode of their diversification is still incomplete. Ohno (1971) has proposed that hybridization events which resulted in genome duplication provided the necessary ''extra'' genes for multigene family evolution. Extensive analysis of gene family evolution (Ohta 1988a (Ohta , 1988b (Ohta , 1991 has led to the hypothesis that the evolution of gene family complexity is closely related to organismal complexity. A study by Iwabe, Kuma, and Miyata (1996) of over 25 gene families from animals supports Ohta's complexity hypothesis. Iwabe, Kuma, and Miyata (1996) found clear repeatable patterns between the timing of gene duplication and organismal events (i.e., the evolution of cellular complexity and the evolution of tissue systems). For instance, duplications that led to targeting of proteins to different cellular compartments (i.e., endoplasmic reticulum or mitochondria) occurred early in eukaryotic evolution, and those that led to functional differences in proteins occurred prior to the vertebrate diversification. The congruence of the timing of duplication of multiple gene families suggests that similar selective conditions led to this diversification. A comparable study of the timing of gene family evolution in plants, particularly of ancient duplications, is not currently possible due to the lack of information on gene and gene family evolution for plant groups other than angiosperms.
Very little is known about nuclear genes in basal plant lineages. Most plant molecular evolutionary studies have focused on chloroplast DNA (Clegg, Cummings, and Durbin 1997) . In addition, our understanding of nuclear gene family evolution in plants is based primarily on studies of angiosperms (Clegg, Cummings, and Durbin 1997) . The general lack of sequence information for protein-coding genes from representatives of plant groups other than angiosperms severely limits our ability to know if the patterns and rates of evolution seen in angiosperms are representative of land plants in general or just of angiosperms. When our study was initiated, less than 20 nuclear-encoded protein-coding genes from bryophytes (hornworts, liverworts, and mosses) had been deposited in GenBank. Notable exceptions have been molecular studies of phytochrome proteins in algae and bryophytes (Schneider-Poetsch et al. 1994; Kolukisaoglu et al. 1995; Lagarias, Wu, and Lagarias 1995; Lamparter et al. 1995; Winands and Wagner 1996) . This lack of information also limits our ability to determine when gene families originated within the plant lineage. We do not know if the timing of plant gene family divergence is congruent across families or specific to each gene family. It is well established that land plants are monophyletic and that ''bryophytes'' are the most basal land plants (Graham 1993; Mishler et al. 1994; Kenrick and Crane 1997) . This recent research on the phylogenetic relationships among the basal plant groups provides a useful framework with which to examine plant gene evolution. Analysis of genes and gene families in representatives of these plant groups will be important to our understanding of how individual gene families evolve and in illuminating more general patterns of gene family evolution.
We chose small heat shock proteins (sHSPs) as a useful and interesting system with which to examine gene family evolution in plants. Small HSPs both are a component of the highly conserved heat shock response (Vierling 1991; Parsell and Lindquist 1993) and represent a gene diversification event specific to plants (Waters 1995; Caspers, Leunissen, and de Jong 1995) . During heat shock, a number of evolutionarily and structurally distinct families of proteins are produced. In addition to the sHSPs (typically less than 30 kDa in size), there are the 100-, 90-, 70-, and 60-kDa families of HSPs. The large HSP families (100, 90, 70, and 60 kDa) are ancient, and members of these families have evolved relatively slowly (Boorstein, Ziegelhoffer, and Craig 1994; Rensing and Maier 1994; Gupta 1995; Schirmer et al. 1996) .
The evolutionary history of the sHSPs is quite intriguing and is distinct from that of the large HSPs. Small HSP homologs have been identified in eukaryotes, eubacteria, and archaebacteria (Vierling 1991; Allen et al. 1992; Plesofsky-Vig, Vig, and Brambl 1992; Arrigo and Landry 1994; Caspers, Leunissen, and de Jong 1995; Bult et al. 1996; Laskowska, Wawrzynow, and Taylor 1996) ; the sHSP family also includes the vertebrate eye lens alpha-crystallin proteins (PlesofskyVig, Vig, and Brambl 1992; Caspers, Leunissen, and de Jong 1995) . In general, the sHSPs evolve much more rapidly than do the large HSPs. The amino or N-terminal domains of the sHSPs are highly variable. However, all members of the sHSP family share a conserved carboxyl or C-terminal ''heat shock'' domain of approximately 100 amino acids.
While all plant sHSPs are clearly members of the larger sHSP family, there has been a significant diversification of the sHSPs within the plant lineage. The higher plant sHSPs are much more numerous and diverse than are the sHSPs of other organisms (eubacteria, archaebacteria, nonplant eukaryotes). This diversity is seen both in sequence divergence and in cellular localization (Vierling 1991; Waters 1995; Waters, Lee, and Vierling 1996) . For angiosperms, there are at least five families or classes of sHSPs, all of which are nuclearencoded. Proteins encoded by the different sHSP gene families localize to all major cellular compartments: two distinct families of sHSPs localize to the cytosol (cytosolic I and II), and sHSPs are found in the mitochondrion (MT), in the chloroplast (CP), and in the endomembrane system (ER). Although all plant sHSPs belong to the larger sHSP family, there are no known homologs of the five distinct higher plant sHSP families outside of the plant kingdom (Plesofsky-Vig, Vig, and Brambl 1992; Caspers, Leunissen, and de Jong 1995) . Furthermore, organelle localization has not been shown for any nonplant sHSP. The gene duplications that led to the complex sHSP families in seed plants (angiosperms and gymnosperms) must have occurred some time in plant evolution; however, the exact timing of these events is not known.
Like all HSPs, plant sHSPs are strongly induced by elevated temperatures and are not typically found in nonstressed vegetative tissues. In this regard, they are also distinct from HSP90, HSP70, and HSP60, all of which are abundant, essential components of normal cells, in addition to being heat-induced. However, the plant sHSPs show some very interesting patterns of developmental regulation (Dong and Dunstan 1996; Sabehat, Weiss, and Lurie 1996; Wehmeyer et al. 1996 ; see review in Waters, Lee, and Vierling 1996) . Cytosolic I sHSPs are expressed during seed maturation and also during fruit maturation in a number of species. Cytosolic II sHSPs are expressed in flowers during pollen development. Thus, specific sHSPs are developmentally regulated in complex morphological structures, such as seeds, flowers, and fruits, present only in higher plants. It is of interest to determine if the sHSP families that are developmentally regulated in structures found only in higher plants are present in representatives of basal plant lineages that lack these structures.
Previous evolutionary analysis of rates and patterns of nonsynonymous substitutions and amino acid replacements indicates that there are clear differences in selective constraints among the sHSP families in angiosperms (Waters 1995) . In addition, sequence analysis of cytosolic I and II sHSPs in plants reveals the presence of specific amino acid motifs (Waters 1995) . There is strong in vitro evidence that the sHSPs, like the large HSPs, are molecular chaperones (Lee, Pokala, and Vierling 1995; Buchner 1996; Lee et al. 1997) . Small HSPs form large homo-oligomers both in vitro and in vivo (Arrigo and Landry 1994; Lee, Pokala, and Vierling 1995; Helm, Lee, and Vierling 1997) . What substrates these oligomers are interacting with and whether or not each family of sHSPs interacts with different substrates is not known. While the nature of the functional differences among the sHSP families remains unclear, the presence and conservation of family-specific consensus regions strongly suggest the existence of functional divergence among the five sHSP families.
The complexity of both the sequence evolution and expression patterns of sHSPs in angiosperms prompted us to ask if the patterns of sHSP evolution in a representative of a basal plant lineage are comparable to those seen in angiosperms. In order to learn more about the evolution of the sHSPs and of plant gene families in general, we cloned heat shock genes from Funaria hygrometrica (Bryophyta, Musci, Funariaceae) . Results of this work indicate that the plant cytosolic sHSP gene families are ancient and that the duplications leading to these gene families predate the mosses. The patterns of evolution seen among the F. hygrometrica sHSPs and the angiosperm sHSPs include both stasis and change, with conservation in F. hygrometrica of some, but not all, of the consensus regions present in angiosperm sHSPs. MgSO 4 ; 0.1 mM ferric EDTA; 1% w/v glucose; 0.1% v/v Hoagland's trace element solution) at 25ЊC and were transferred to fresh media every 2 weeks.
Material and Methods

Funaria hygrometrica
Preparation of Poly (A) RNA
To obtain poly (A) RNA from control and heatshocked tissue, identical flasks of cells were transferred to water baths at 25ЊC or 38ЊC. After 2 h, cells were harvested by filtering the cultures through sterile miracloth. The cells were then frozen in liquid nitrogen and ground to a fine powder. Total RNA was isolated using a UREA/SDS protocol (provided by Dr. K. Schumaker). Frozen tissue was placed in a high-urea buffer (7 M urea, 1% SDS, 0.1 M 2-mercaptoethanol, 1 M Tris (pH 7.4), 10 mM EDTA). Organics were removed from this solution with two phenol : chloroform (24:1 chloroform : isoamyl alcohol) extractions and one chloroform extraction. In each extraction, the phases were completely mixed and then separated by centrifugation at 10,000 ϫ g for 10 min; the aqueous phase was kept and used for the next extraction. Total RNA was precipitated twice in 4 M LiCl for at least 4 h at 4Њ C. Poly (A) RNA was isolated from total RNA using the Promega (Madison, Wis.) Poly (A) Tract system.
To check the quality of the poly (A) RNA and to determine if changes in gene expression accompanied the shift to 38ЊC, the heat shock and control poly (A) RNA were translated into protein in the presence of 35 Smethionine using the Promega reticulocyte lysate translation kit. One-dimensional SDS-polyacrylamide gel electrophoresis and autoradiography of the products revealed that new messenger RNAs were present in the 38ЊC sample (data not shown). These results indicated that there was a change in mRNA populations at 38ЊC similar to changes in protein synthesis seen with in vivo labeling of F. hygrometrica under heat shock conditions (Waters and Vierling 1995) .
Cloning Strategy
The rapid rate of evolution among the sHSPs made a cloning strategy based on DNA or amino acid similarity problematic. In order to avoid biasing our study by cloning only those sHSPs that have high levels of similarity to higher plant sHSPs, we cloned the sHSPs from F. hygrometrica using differential screening of a heat shock cDNA library. This strategy has also been used to clone many of the higher plant sHSP genes (Schöffl and Key 1982; Vierling et al. 1988; Takahashi and Komeda 1989; Krishna et al. 1992; Lafayette et al. 1996) .
Construction of Heat Shock cDNA Library
Poly (A) RNA from heat shock tissue, characterized as above, was used to construct a cDNA library using the Stratagene (La Jolla, Calif.) Lambda Zap cloning system. Following the manufacturers' instructions, over 500,000 recombinant phages were produced per microgram of poly (A) RNA. The primary library (without amplification) was grown in XL1-Blue cells and phages were plated at low density. Duplicate filter lifts using nitrocellulose membranes were prepared (Sambrook, Fritsch, and Maniatis 1989) . The filters were screened with heat shock and control single-stranded cDNA as probes. Heat shock and control cDNA probes were constructed by generating single-stranded cDNA from the poly (A) RNA, described above, using reverse transcriptase, dATP labeled with gamma 32 P (NEN, Delaware), and unlabeled dCTP, dTTP, and dGTP. Duplicate filters were hybridized with the radiolabeled probes at 65ЊC for 24 h in 6 ϫ SSC, 0.1% SDS, and 1% Denhardt's solution. After hybridization, the filters were washed at high stringency: twice for 15 min at 65ЊC with 2.0 ϫ SSC, 0.1% SDS, and twice for 1 h at 65ЊC with 0.1 ϫ SSC, 0.1% SDS. Filters were then exposed to X-ray film for 24 h.
Putative heat shock clones were identified as those plaques that hybridized to the heat shock cDNA probe but not to the control cDNA probe. Constitutive clones were identified as those clones that hybridized to both control and heat shock probes. A secondary screen of 420 clones was conducted to check the identities of heat shock, control, and constitutive clones. A total of 390 heat-induced clones were identified. Clones for further study were chosen at random from the 390 heat-induced clones. Two constitutive clones were also examined. Bluescript plasmids were excised in vivo from the phage according to Stratagene protocols. Plasmid DNA was purified using Qiagen (Santa Clarita, Calif.) spin columns, and the DNA was used in northern blot analysis and for DNA sequencing.
The plasmid DNA of individual clones was digested with EcoRI and XhoI to release the cloned inserts. The inserts were gel-purified and radiolabeled using a random hexamer reaction (Sambrook, Fritsch, and Maniatis 1989 ). The radiolabeled inserts were then hybridized to the filter lifts of the secondary screen containing the heat-induced and constitutive clones. Clones representing multiple times were identified, and the abundance of each clone was determined. This process was continued until all the clones in the secondary screen were identified (unpublished data).
Northern Analysis
Northern analysis was conducted to determine the sizes of the mRNA transcripts and to confirm the expression patterns of the sHSP clones. Control and heat shock poly (A) RNA, isolated as described above, were electrophoresed for 2.5 h in a 20% formaldehyde, 1% agarose gel in TAE (Tris acetate EDTA) buffer (Ausubel et al. 1997) , and RNA was transferred to nylon membranes by capillary action. The cloned inserts of interest were radiolabeled by the random-primer method described above and hybridized to the nylon membranes for 24 h at 42ЊC in a standard hybridization buffer (Ausubel et al. 1997) . After hybridization, the filters were washed at high stringency and then exposed to film.
DNA Sequencing
Purified plasmid DNA was sequenced using an automated ABI Model 377 sequencer by the MacroMolecular Facility of the University of Arizona. Initial sequences were obtained using the T3 and T7 universal primers that anneal to pBluescript. Internal primers were then designed and used to obtain complete sequence of both DNA strands for each clone.
Sequence Analysis
Initial identification and further analysis of the clones were carried out using the GCG, version 9.1 (Genetics Computer Group 1997), package of programs. Sequences were first analyzed using BLAST (National Center for Biotechnology). Subsequent analyses were conducted using the TRANSLATE, GAP, PEPSORT, PILEUP, and PRETTY programs. Once the DNA sequence of each clone was complete, TRANSLATE was used to deduce the amino acid sequence of the protein.
The mass of the protein was determined using PEP-SORT. Overall similarity was determined using GAP. The gap penalty was 12, and the gap extension penalty was 4. PILEUP and PRETTY were used to construct alignments. Alignments were then further refined by hand. The amino acid alignments were used to construct the DNA alignments. Estimates of synonymous (K s ) and nonsynonymous (K a ) substitutions and their standard errors (SEs) were generated using the program Li93 (Li 1993) . Estimates of more than one substitution per site are considered saturated.
Phylogenetic Analysis
Aligned DNA and amino acid sequences were analyzed using PAUP (Swofford 1993) and PHYLIP (Felsenstein 1993) . Parsimony analyses of both the DNA and amino acid alignments were conducted using PAUP 3.1 (Swofford 1993) . For the parsimony analyses, 500 heuristic searches were conducted with random addition replicates, equal weights, and tree-bisection-reconnection (TBR) branch swapping. Five hundred bootstrap replicates with random addition replicates and TBR swapping were conducted to assess support for branches.
Distance analysis was conducted using PHYLIP (Felsenstein 1993) . Amino acid distance matrices were calculated with the categories-Hunt option in Protdist. DNA distances were calculated with the maximum-likelihood option in DNAdist. In the DNAdist program, empirical nucleotide frequencies were used, the transition/ transversion ratio was set to 2.0, and there was one category of sites. Five hundred bootstrap replicates were generated with Seqboot. Trees were generated with the neighbor-joining program in PHYLIP.
Results
Identification of Cytosolic I and II sHSP Genes from F. hygrometrica
To identify F. hygrometrica sHSP cDNAs, random heat-induced clones were chosen from the library, and restriction digests of plasmid DNA were performed to size the cloned inserts. Clones with inserts smaller than 1,500 bp were analyzed further. Northern blots using the inserts as probes confirmed that the cloned genes were heat-induced and not expressed in control tissue ( fig. 1) . The estimated sizes of the transcripts from the northern analysis ( fig. 1 ) were used to identify clones that contained full-length coding sequences. Both the expression patterns and the sizes of the transcripts suggested that the clones represented sHSP genes. The six heat-induced clones shown in figure 1 were confirmed by analysis of the DNA sequences to be homologous to higher plant sHSP genes. Further characteristics of these six clones are given in table 1. Four of the sHSP cDNAs were identified as cytosolic I sHSPs and two were identified as cytosolic II sHSPs (table 1). Assignment to either the cytosolic I or II sHSP family was initially based on results of BLAST (NCBI) analyses and sequence comparisons with higher plant sHSPs ( fig. 2) . Each of the sHSPs are named according to its molecular weight (MW) in kDa followed by a roman numeral (I or II) to indicate whether they are members of the cytosolic I or II sHSP gene family. Together, these six sHSP sequences comprise 35% of the heat-induced clones surveyed (table 1) .
Clones for Constitutively Expressed Genes
Clones that hybridized to both heat shock and control cDNA probes were also characterized. One of these clones was found to encode rbcS. Northern analysis of the rbcS clone affirms that the corresponding mRNAs are present in both control and heat shock tissue ( fig.  1 ). The strong signal for the constitutive clones in the control RNA, along with the lack of any signal from the sHSP clones in the control RNA, provides strong evidence that these sHSPs are not constitutively expressed in F. hygrometrica cell cultures.
Sequence Comparisons Reveal Divergence Within and Among F. hygrometrica sHSP Classes
Pairwise comparisons of the F. hygrometrica sHSP amino acid sequences reveal that there is considerable divergence among these proteins, even within the cytosolic I and II families. Among the cytosolic I sHSPs, HSP 17.2 I A and 17.2 I B share the highest amino acid identity at 86.9%, while the two most dissimilar cytosolic I proteins, HSP 17.2 I B and HSP 17.2 I C, share only 53.7 % identity (table 2) .
The low level of similarity among some of the F. hygrometrica cytosolic I sHSPs is noteworthy, since within any one species, cytosolic sHSPs usually have much higher levels of amino acid similarity and identity. Using the same method of sequence comparison, there is at least 80% sequence identity among the Arabidopsis thaliana cytosolic I sHSPs (Wehmeyer et al. 1996; unpublished data) . The level of sequence identity and similarity between the F. hygrometrica class II genes HSP 16.4 II and HSP 18.3 II is also much lower than that seen among cytosolic II sHSPs in angiosperms. For example, the other two most divergent cytosolic II sHSPs, which are from Ipomea nil, are 65% identical to each other (Krishna et al. 1992; Waters 1995) . Despite this divergence within the F. hygrometrica cytosolic I and II genes, there is still more amino acid identity within classes than across classes in F. hygrometrica. The high divergence levels across classes are comparable to those seen in comparisons of angiosperm sHSPs from different classes (Vierling 1991) . Percentage of identity between F. hygrometrica cytosolic I and II sHSPs ranges from a high of almost 43% (HSP 16.5 I vs. HSP 16.4 II) to a low of only 31% (HSP 17.2 I A vs. HSP 18.3 II).
Examination of synonymous and nonsynonymous substitutions within gene families can reveal important patterns in gene family evolution (Ohta 1993 (Ohta , 1994 Analysis of the estimates of nonsynonymous differences between the F. hygrometrica and seed plant I and II cytosolic sHSP genes did not reveal any significant differences in rates of divergence between the two gene families. The estimates of nonsynonymous substitutions per site between the F. hygrometrica and seed plant cytosolic I sHSP genes ranged from 0.27 to 0.38 substitutions per site. In comparisons of the cytosolic II sHSP genes, the estimates ranged from 0.29 to 0.44 nonsynonymous substitutions per site. These findings are in contrast to what has been observed for angiosperms, where the cytosolic II family was found to have a significantly higher rate of nonsynonymous substitutions than the cytosolic I family (Waters 1995) . Thus, it appears that the rate of substitution of the sHSP genes has changed during land plant evolution. (Vierling 1991; Waters 1995) from seed plants reveals varying levels of amino acid conservation across the length of the proteins. In general, the amino (N-terminal) domain is more variable (only 2 out of 59 residues are completely conserved), and the carboxyl (C-terminal) domain is more highly conserved (43 out of 106 residues are conserved). In the alignment of cytosolic I sHSPs ( fig. 2A) , it is clear that the sHSP consensus regions I and II, which are present in all sHSPs, are conserved in the F. hygrometrica cytosolic I sHSPs. The alignment also reveals that the Nterminal cytosolic-I-specific region previously identified in angiosperms (Waters 1995) is not highly conserved in the F. hygrometrica cytosolic I sHSPs. However, the cytosolic I N-terminal region can be identified when the amino-acid-type consensus sequence is examined (see fig. 2 ).
Consensus Regions Defined in
Interestingly, when HSP 17.2 I C and HSP 16.5 I are removed from the alignment, the consensus sequence does not change in the C-terminal region, but it does change in the N-terminal cytosolic-I-specific region. The cytosolic I N-terminal region is much more conserved in HSP 17.2 I A and HSP 17.2 I B than in HSP 17.2 I C or HSP 16.5 I. In comparisons of just HSP 17.2 I A and HSP 17.2 I B with the higher plant cytosolic I sHSPs, 5 of the 16 amino acid residues in the N-terminal cytosolic I region are completely conserved, and 9 of the 16 residues are conserved when amino acid type is considered. The alignment of HSP 16.4 II and HSP 18.3 II with other cytosolic II sHSPs reveals that the cytosolic II sHSPs, like the cytosolic I sHSPs discussed above, are more variable in the N-terminal domain than in the Cterminal domain (fig. 2B) . The sHSP C-terminal consensus regions are conserved in both of the cytosolic II F. hygrometrica proteins. All seed plant cytosolic II sHSPs have two conserved class-specific regions. One region (cytosolic II-N) is located at the very end of the N-terminal domain (Waters 1995) . The other (cytosolic II-C) is located at the end of the C-terminal domain. Patterns of sequence conservation in the F. hygrometrica sHSPs vary between the two cytosolic II consensus regions. The cytosolic II-N region is highly conserved among angiosperm sHSPs (Waters 1995) , and while present in the F. hygrometrica cytosolic II sHSPs, it is not highly conserved ( fig. 2B ). Only 3 of the 11 residues in this region are completely conserved, and an additional 5 residues have conservative replacements. In contrast, the proline-rich cytosolic II-C region is highly conserved both in higher plant cytosolic II sHSPs and in the F. hygrometrica cytosolic II sHSPs. Of the 11 residues in the cytosolic II C-terminal region, 7 are completely conserved (including 4 prolines), and an additional 2 have only conservative replacements. The functional significance of the highly conserved prolines is not known. There are no other proline-rich regions in any of the other plant sHSPs (Waters 1995) or in nonplant sHSPs (Caspers, Leunissen, and de Jong 1995) .
Phylogenetic Relationships of the F. hygrometrica sHSPs and Higher Plant sHSP Families
Phylogenetic analysis was carried out on DNA and amino acid sequences using both parsimony and distance methods. The results of all of the analyses were largely congruent, and only the parsimony analysis of the amino acid sequences is presented in figure 3 . The analysis included 56 cytosolic I and II sequences, and thus is the largest analysis conducted of the two cytosolic plant sHSP families. Sequences of the known ERlocalized sHSP as well as representatives of the CP-and MT-localized sHSPs were also included in the analysis. The sequences of Saccharomyces cerevisiae HSP 26 and Chlaymdomonas reinhardtii HSP 22 were used to root the tree. Previous analysis, based on phylogenetic relationships, has indicated that neither protein is a member of any of the plant sHSP clades (Plesofsky-Vig, Vig, and Brambl 1992; Caspers, Leunissen, and de Jong 1995).
The relationships of the sHSP families to each other in this analysis concur with those seen in previous phylogenetic analysis of sHSPs (Plesofsky-Vig, Vig, and Brambl 1992; Caspers, Leunissen, and de Jong 1995; Waters 1995) . It is clear that the ER proteins are closely related to the cytosolic I sHSPs and that these two clades are then most closely related to the cytosolic II sHSPs. The CP and MT sHSP clades are more closely related to each other than they are to the other sHSP clades.
Within the gene and protein trees, the F. hygrometrica cytosolic I and II sequences are found within the cytosolic I and cytosolic II clades, respectively. The branches that unite the cytosolic I and cytosolic II F. hygrometrica and the higher plant sequences have high bootstrap support in both cases. The placement of F. hygrometrica sequences at the base of each of the cytosolic I and cytosolic II clades most likely reflects the organismal relationships; mosses are one of the most basal land plant groups (Graham 1993; Mishler et al. 1994; Kenrick and Crane 1997) .
The relationship of the F. hygrometrica cytosolic I and cytosolic II sequences to the higher plant cytosolic I and II sequences indicates that the gene duplications that led to these families occurred prior to the divergence of the ancestor of seed plants and F. hygrometrica. If the F. hygrometrica cytosolic sHSPs were not members of the higher plant cytosolic clades, they would have attached in a more basal position outside of the class I and II clades. It is clear that additional gene 134 Waters and Vierling FIG. 3.-Phylogenetic relationships of the Funaria hygrometrica sHSPs to seed plant sHSP families. The tree presented is the strict consensus of the two most-parsimonious trees generated using PAUP 3.1. The tree length is 2,588, and the consistency index is 0.52. The bootstrap values that were above 50 (as a percentage of the 500 replicates) are provided above the branches. The branches that unite each of the land plant sHSP families are in bold. The F. hygrometrica sHSP sequences are also in bold. The tree is rooted with the sHSPs from Chlamydomonas reinhardtii and Saccharomyces cerevisiae. All of the sequences used in this analysis are listed, along with their accession numbers, in the appendix. The alignment, accession number DS35605, is available from the EMBL database.
duplications after the divergence of the moss and higher plant lineages created the multiple F. hygrometrica cytosolic I and II sHSPs. However, it is not possible from this analysis to determine when these additional gene duplications occurred relative to the divergence of the organismal lineages.
Discussion
Cytosolic sHSP Gene Families Predate the Divergence of Mosses
The phylogenetic analysis of the six F. hygrometrica sHSPs presented here clearly shows that these proteins are members of the higher plant cytosolic I and II clades. This finding indicates that the gene duplications which led to the establishment of these families must predate the divergence of the ancestor of mosses and seed plants. It was mentioned earlier that all sHSPs are expressed in leaves and that some specific cytosolic I and II sHSPs are developmentally regulated in seeds, fruits, and flowers (reviewed in Waters, Lee, and Vierling 1996) . It is now clear that the evolution of complex morphology in seed plants and the duplication events that led to the distinct sHSPs were not synchronous.
Conclusions concerning the evolution of the sHSPs rely on knowledge of the evolutionary relationships of the organisms from which the sHSP genes were isolated. There is much support for the monophyly of all land plants (Graham 1993; Mishler et al. 1994; Kenrick and Crane 1997) . Bryophytes (liverworts, hornworts, and mosses) are clearly paraphyletic, and while in many cladograms mosses are the sister group of vascular plants, the relationships among ''bryophytes'' and their relationships to vascular plants are still uncertain. However, what is clear is that liverworts, hornworts, and mosses are basal to vascular plants. Mega-and microfossil evidence (Graham 1993; Kenrick and Crane 1997) suggests that the date for the divergence of the ancestor of mosses and higher plants is at least 400-500 MYA. Thus, the cytosolic sHSP families must be at least 400 Myr old.
The diversification of the sHSPs in plants probably occurred after the divergence of the ancestor of land plants and Chlamydomonas but before the divergence of the ancestor of mosses and the ancestor of seed plants. Homologs of the five plant sHSP families have not been identified in other eukaryotes. The relationships among the five classes of plant sHSPs, which all are more closely related to each other than to other eukaryotic sHSPs, strongly suggest that the duplications leading to the three classes of organelle-localized sHSPs (CP, MT, and ER) also predate the divergence of mosses (unpublished data).
The Evolutionary History of the sHSPs in Land Plants Differs from That of Other Plant Gene Families
Comparison of the evolutionary history of the sHSPs and phytochrome, the only other gene family that has been studied extensively in basal plant groups (Schneider-Poetsch et al. 1994; Kolukisaoglu et al. 1995; Lagarias, Wu, and Lagarias 1995; Winands and Wagner 1996) , reveals that these plant gene families have undergone very different patterns of duplication. Phylogenetic analysis of phytochrome sequences indicates that the duplications that generated the distinct phytochrome families seen in angiosperms occurred early in seed plant evolution (PHYA/C-PHYB/D/E), with additional duplications creating further diversity (PHYA-PHYC and PHYB/B-PHYE) (Mathews and Sharrock 1997) . None of the algal, bryophyte or fern phytochromes are members of these distinct seed plant and angiosperm clades. Mathews and Sharrock (1997) propose that the pattern of phytochrome gene duplications follows closely with functional divergence of phytochromes and occurred near the times of major changes in plant morphology. In a study of animal gene families, Iwabe, Kuma, and Miyata (1996) found that the timings of gene duplication are similar for gene families whose members have comparable functional differences. The lack of congruence of the timing of sHSP and phytochrome duplications does not mean that plant gene family complexity is not closely related to organismal complexity, as Ohta (1991) has hypothesized. Rather, the different timings of the diversification of the sHSP and phytochrome families may reflect different types of functional distinctions within these families.
Extensive comparisons of the evolutionary history of the F. hygrometrica sHSPs with gene families other than phytochrome are not possible due to the lack of available gene or protein sequences from representatives of basal land plant lineages. There is, however, some evidence that the sHSP gene family history is also distinct from that of the plant MADS box and actin genes. Munster et al. (1997) recently reported that MADS-box homologs exist in the fern Ceratopteris, but that these homologs are not members of the higher plant MADSbox clades. They suggest that the diversification of MADS-box genes may be have occurred close to the time of the origin of seed plants. It has been proposed that the divergence of some of the plant actin genes occurred 200-350 MYA (McDowell et al. 1996; Moniz de Sa and Drouin 1996) . This would place the divergence of actin genes after the divergence of mosses and closer to the origin of seed plants. Much more work needs to be done on plant gene family evolution before the patterns of evolution across plant gene families can be studied and generalizations about the timing of plant gene family evolution can be made.
It is interesting to note that there are numerous plant cytosolic HSP70s, but distinct classes or families of plant cytosolic HSP70s do not exist (Boorstein, Ziegelhoffer, and Craig 1994; Rensing and Maier 1994; Boston, Viitanen and Vierling 1996) . The evolutionary history of the HSP70s, which are highly conserved and include organelle-localized as well as cytosolic proteins, is quite different from that of the sHSPs. Rather, the evolutionary history of the HSP70s is comparable to those of many other gene families that specify proteins targeted to different cellular locations (Iwabe, Kuma, and Miyata 1996) . That is, the duplications that led to HSP70 family diversity occurred very early in eukaryotic evolution (Boorstein, Ziegelhoffer, and Craig 1994; Rensing and Maier 1994) . It is important to remember here that sHSPs are heat-induced but are not constitutively present in most organisms, while the HSP70s are both heat-induced and constitutively expressed. The differences in the evolutionary histories of the sHSPs and the HSP70s may reflect very different selective pressures on these distinct groups of HSPs.
Estimation of the Origin of the Cytosolic sHSP Families
The exact time of origin of the plant sHSPs families is not known. The time of origin of gene families can be dated by the presence or absence of gene families among organisms with known relationships and by using sequence divergence (Li 1997, p. 288) . The difficulties inherent in estimating the time of duplication for gene families are illustrated in the analysis of sHSP sequences. The lack of sequence conservation among sHSPs makes obtaining sHSP sequences from distantly related species problematic. While sequence divergence is often used to date the timing of gene duplications, reliance on estimations of the time of gene duplication based on sequence divergence is also problematic. Using nonsynonymous distances between angiosperm sHSPs, the divergence time of the cytosolic I and II gene fam-ilies is calculated to be approximately 450 MYA, or about the time of the origin of land plants (data not shown). When the F. hygrometrica sHSP sequences are used with the angiosperm sHSP sequences to calculate divergence times, the origin of the two cytosolic sHSP families is estimated to be approximately 850 MYA. Given these two vastly different times, it is clear that it is not possible to estimate the time of origin of the two plant cytosolic sHSP families.
Orthologous and Paralogous Relationships Within sHSP Classes
Gene duplication followed by diversification is the major process by which proteins with new functions evolve. Regular gene conversion among duplicated genes will prevent divergence and block the development of new functions (Walsh 1987 (Walsh , 1995 . Members of gene families with high sequence similarity can then be assumed to be constrained by selection for function or homogenized by gene conversion. The phylogenetic relationships of the major land plant sHSP families clearly reflect ancient gene duplication followed by gene diversification, i.e., each family-cytosolic I, II, ER, MT, and CP-has had an independent evolutionary history. Thus, the cytosolic I and II sHSPs in F. hygrometrica are paralogs and may have diverged in function.
Relationships of individual genes or proteins within each of the classes are less clear. The sequence divergence seen between the two cytosolic II sHSPs in F. hygrometrica suggests that the duplication that generated these two genes occurred some time ago and that no, or very little, gene conversion has occurred for a very long time. The sequence identity among HSP 17.2 I A, HSP 17.2 I B, and HSP 16.5 I (but not HSP 17.2 I C) could reflect more recent gene duplication or gene conversion. More information on the function of the cytosolic sHSPs and the frequency of within-family gene duplication and conversion among the sHSPs is certainly needed.
Functional Significance of Sequence Divergence Among sHSPs
The extent and nature of any functional divergence between the cytosolic I and II sHSPs is not known. While increasing evidence suggests that the sHSPs are molecular chaperones (Lee, Pokala, and Vierling 1995; Lee et al. 1997) , there are no data on the in vivo substrates of the sHSPs. It is also not known what, if any, differences exist in sHSP function or substrate specificity during heat-induced or developmentally regulated expression. However, we do know that in vivo, the cytosolic I and II proteins form distinct complexes and therefore may have distinct functions within the cell (Helm, Lee, and Vierling 1997) . Detailed information on sHSP function and in vivo substrates will be helpful in interpreting the evolutionary forces acting on these diverse and ancient gene families.
The conservation patterns in C-terminal sHSP consensus regions I and II of both families of F. hygrometrica cytosolic sHSPs are quite similar to those seen among higher plant sHSPs (Vierling 1991; Waters 1995) , suggesting that the selective constraints acting on these regions are similar among angiosperm and F. hygrometrica sHSPs. The conservation of consensus region II is interesting in light of recent studies on the function of plant sHSPs. Lee, Pokala, and Vierling (1995) have reported that HSP 18.1 I (a cytosolic I sHSP) from Pisum sativum has molecular chaperone properties. Recently, Lee et al. (1997) suggested that consensus region II mediates the binding of denatured proteins to HSP 18.1 I. They noted a specific spacing of hydrophobic residues in this region and presented evidence that these residues may be involved in hydrophobic interactions with denatured substrates. The conservation of this consensus region in the F. hygrometrica sHSPs indicates that this consensus region may also be involved in substrate binding in F. hygrometrica.
Conclusions
The examination of the sHSPs presented above indicates that molecular evolutionary analysis of gene families from representatives of basal land plant lineages can reveal information that is not easily predicted by studies of the same gene families in angiosperms. This study also shows that plant gene families can be very old and that representatives of basal land plant groups may share many molecular characteristics with the more well studied and morphologically complex seed plants. In addition, our findings raise some very important questions for future study of the sHSPs themselves, including the timing of the origin of the plant cytosolic sHSP gene families, the occurrence and importance of gene conversion and gene duplication within these families, and the origin or evolution of developmental regulation within the plant cytosolic sHSP families.
